Natural-abundance solid-state '3C nuclear magnetic resonance spectra were obtained for bacterial spores for the first time by using the technique of cross-polarization magic-angle-spinning nuclear magnetic resonance spectroscopy. A resonance at about 150 ppm, detectable in spore samples having a Mn content of less than 0.05%, was consistent with an identification as the a-carbon signal of calcium dipicolinate; this signal was missing from a spore sample treated with acid to release dipicolinate and from a spore coat preparation. Carbohydrate peaks were particularly intense in spores and coat preparations of Bacillus macerans. Signals ascribable to 0-hydroxybutyrate were prominent in a B. cereus sample.
Dipicolinic acid (2,6-pyridinedicarboxylic acid; DPA) is a unique compound, present in large quantity (5 to 15%) in bacterial spores and only rarely elsewhere in nature (21) . DPA appears to be involved in spore stability (10) , spore germination (10) , and heat resistance (3, 19, 20, 21) . Present evidence suggests that DPA is primarily located in the spore core (15, 16) , but its function and chemical state in the spore remain unknown. DPA has at various times been proposed to be tightly packed with the vital cell constituents (41) , linked with protein (6, 21, 38) , or intercalated with DNA (19) . Evidence from UV (2), infrared (24) , electron paramagnetic resonance (13, 42) , and laser Raman spectroscopy (33) suggests it exists with Ca in some type of chelate, in a "dehydrated crystalline lattice" (13) . It has not been possible to use the powerful tool of nuclear magnetic resonance (NMR) spectroscopy in exploring this problem because of line broadening due to the presence of large amounts of paramagnetic metals, especially Mn (5, 40) , and strong nuclear magnetic dipolar interactions in solid samples. We attempted to circumvent these difficulties with low-Mn spores and the new techniques of cross-polarization (CP), magic-angle spinning (MAS) , and high-intensity proton decoupling, already successfully applied to studies of intact bacterial cells (11) . We present here the first '3C NMR spectra of bacterial spores, along with evidence that the a-carbon signal of DPA 
RESULTS AND DISCUSSION
The CP-MAS NMR spectrum of calcium DPA is shown in Fig. 1 . Note the extremely prominent peak of the a-carbon at 149.8 ppm (cf. references 6 and 30). This peak was detected in spore samples. For DPA (solid form), this signal occurs at 144.6 ppm. The signal observed in spores is thus consistent with that of the Ca chelate, which agrees with a recent laser Raman study (33) . The spectrum of a spore sample of B. coagulans 1491 (Mn content, 0.022%) is shown in Fig. 2 . Peak identifications were facilitated by recent publications (11, 31) . The DPA a-carbon resonance was readily visible at 150.3 ppm, displaced only about 0.5 ppm downfield from the model compound. Resonances from nitrogen base carbons of nucleic acids can be expected in this region (8) . However, the concentration of these nitrogen bases is about an order of magnitude below that of DPA (21, 23) and hence would be undetectable under the conditions used here. The identification of the a-carbon signal was confirmed as shown below. Figure 3A shows the spectrum of a spore preparation of B. macerans B-171 (0.016% Mn), showing a strong signal at 150.9 ppm. The same spores, treated briefly with 1.7 M HCl to release DPA (9, 25) , did not show the signal (Fig. 3B) . A spore coat preparation (Fig. 3C ) of strain B-171 also lacked the a-carbon signal at 150 ppm.
The CaDPA carboxyl carbon resonances at 169.7 and 171.7 ppm (Fig. 1) were completely obscured by the very large carbonyl signal centered at 173 (31) of the spores, which are known to contain over 65% protein (21) , as well as several other sources of carboxyl (phosphoglyceric acid, fatty acid, muramic acid derivatives, etc.). The ,3-and -y-carbon resonances of CaDPA (Fig. 1) were obscured by protein components. The similarity of the spectrum of the shifts with respect to external tetramethylsilane were determined by assigning the signal from a Delrin rotor a shift of 88.0 ppm. Dry spores were gently packed by hand into the rotor cells.
Special spore treatments. Spores of B. macerans B-171 were suspended in 1.7 M HCl at 55°C for 15 min to release DPA (9, 25) . After cooling, the spores were centrifuged in polypropylene centrifuge tubes, washed (5°C), and immediately dried in vacuo (26) . Confirmation of DPA release was obtained by determining the A269.8 of the acid supernatant (18) . Spore coats were prepared by dry rupturing (28) (150 mg of spores, 900 mg of NaCl, 3.4-g ball pestle) for 2 min in a vial (13 x 30 mm) and spun down after suspension in H20, followed by lysozyme (100 jig/ml) digestion (30 min, 37°C) in 0.1 M Tris hydrochloride (pH 8.0), washing, and drying under vacuum (26) .
Analyses. Mn was analyzed by atomic absorption spectroscopy. DPA was assayed by the method of Janssen et al. (12) ; rough estimates were sometimes made by determining the A269.8 (18) . The viability of dry spore preparations was determined, after activation (65°C, 20 min) of a water suspension, from the CFU on Plate Count Agar (Difco) and compared with Petroff-Hausser chamber counts. The viability of the B. macerans B-171 spore preparation was found to be 95%.
Chemicals. DPA was obtained from Aldrich Chemical Co.
CaDPA. 3H20 was prepared as described by Bailey et al. b Lot 241-79 (Fig. SC) . c Lot, XIV, 169 (Fig. SD) .
coats to that of the intact spores is consistent with their relatively large contribution to the dry weight of the spore (40 to 60% [21] ). Two other B. macerans strains (Fig. 4A and  B ) also showed the a-carbon signal; the preparation of strain B-70 (Mn content, 0.041%) showed only a weak a-carbon resonance (Fig. 4B) , although its DPA content nearly equals that of strain B-171. Since this signal does not appear to be appreciably broadened, one might speculate that the relative distribution of Mn and DPA found in these spores (Table 1) was different. All of the B. macerans spores ( Fig. 3 and 4 ) and the coat preparation (Fig. 3C) showed a series of strong signals in the region of 60 to 80 ppm and at 100 ppm; these signals are characteristic of carbohydrate (31) . B. macerans spores are known to possess unusual, thickly ridged coats (26) which might be a source of carbohydrate (a galactosamine-galactosamine-6-phosphate polymer is a major constituent of the coat in B. megaterium QM1551 [22] ).
B. cereus is known to form large amounts of P-hydroxybutyrate (14, 21) granules, which are difficult to separate from B. cereus spores (14) . Sharp peaks ascribable to ,-hydroxybutyrate at 20.3, 67.9, and 169.2 ppm (11) were prominent in the spectrum of a preparation of B. cereus spores (Fig. 5A ) and strongly suggest that this material is present in this preparation. Note the complete absence of the a-carbon signal of DPA at 150 ppm (Mn content, 0.16%). We were unable to detect the a-carbon signal in any spore sample with a Mn content of >0.05% (Table 1) . The weak signals in the 155-ppm region seen in many of the spectra can be ascribed to the phenoxy carbon of tyrosine and the guanidino carbon of arginine (31) , which are relatively abundant in spore protein (21, 41) . Figure 5B shows the spectrum for a B. subtilis spore preparation with a Mn content of 0.31%; here, too, the a-carbon signal of DPA was not visible (Table 1 ; these spores also showed prominent carbohydrate peaks at 70 and 100 ppm). The spectra of two spore preparations of B. megaterium 10778, grown on a high-Mn medium, are shown in Fig. SC and D . The preparation used for Fig. SC was purified in a two-phase system effective in removing metal phosphate precipitates (21) and shows the major signals apparently associated with spore coats. Figure 5D shows a similar preparation made without treatment in the two-phase system; severe signal broadening occurred, possibly as a result of manganese phosphate precipitate on the spore surface. The fact that the main spectral features of the spore may be ascribed to the coat suggests that, when spores are well cleaned, the residual Mn is largely that chelated selectively to the DPA; Mn can replace Ca in DPA (34, 42) and, like DPA, appears to be concentrated in the spore core (35, 36) . Only in the presence of a very high Mn concentration, some of which may be surface located (purification with a two-phase system is known to remove metal phosphate precipitates from spore preparations [21] ), were the major spectral features of the coat broadened excessively (Fig. SD) . The fact that the a-carbon appears to be so sensitive to Mn concentration also suggests preferential chelation of Mn by DPA. Since a DPA/Mn molar ratio of <68 appears to be associated with absence of the a-carbon signal ( The results presented here show that, with CP-MAS and low-Mn spores, NMR spectroscopy may be applied to '3C studies of bacterial spores. It appears necessary to work with very low-Mn spores, at least for DPA studies. Although Mn has long been thought to be required in high concentration for sporulation, this has not been found to be true in some recent studies (1, 29) , and some spores containing low Mn concentrations have been reported previously (1, 21) . Such low-Mn spores appear to arise as a result of genetic properties, method of preparation, or both. The low-Mn spores used in these experiments were obtained by growing on solid media with low Mn (B. coagulans) or massive excess Ca (B. macerans [26] ). Contaminating Mn precipitates may sometimes be removed with aqueous polymer two-phase systems (21) or washing with dilute acid (21) . In certain cases, Mn chelated to DPA might be removed by careful titration with acid (4). EDTA treatment has been applied to spores before 31P NMR spectroscopy (32) .
DPA has at various times been proposed to be tightly packed with the vital cell constituents (41), linked with protein (6, 21, 38) , or intercalated with DNA (19) . It seems possible that, with the use of specifically labeled [13C]DPAenriched spore samples to improve sensitivity, CP-MAS NMR may be able to contribute to the solutions of the above problems, as well as to other problems of spore biochemistry, e.g., carbohydrates prominent in certain spore coat preparations. Dipolar dephasing, combined with CP-MAS may be capable of separating the a-carbon peaks from any interfering protonated-carbon resonances in the same spectral region. 31p MAS NMR may also prove useful in highresolution NMR studies directed toward the solid-phase phosphocarbohydrate and phospholipid components of spores and might provide spectra superior to those obtained with aqueous suspensions (32) . 
